The influence of temperature and humidity on the determination of benzene concentration were characterized using a piezoelectric crystal gas sensor. Sensing layers coated with polymethylphenylsiloxane and polyvinylchloride was used for real-time monitoring of benzene, a major atmospheric pollutant. When the humidity was varied from 35% to 75%, the detection limitations of the sensor were reduced and the response and frequency recovery times increased. However, when the temperature was increased from 5 C to 60 C, the response and recovery time were decreased but the sensitivity performance was degraded. Models were developed for the correlation between the benzene concentration and temperature and humidity.
Introduction
Chemical sensors respond to the stimuli produced by various chemicals or chemical reactions. These sensors are employed for the identification and quantification of these chemical species. Chemical sensors are widely used not only in scientific research, but also in industrial, agricultural, environmental, food, and medical applications. [1] [2] [3] [4] [5] [6] [7] [8] [9] In science and research, chemical sensors are used in many areas that include the atmospheric monitoring of pollutant emissions and the detection of explosives. These sensors are routinely used to characterize gas samples from laboratory experiments and to track the migration of hazardous chemical spills in soil at field sites. In industry, chemical sensors are used to control the amount of diffused gases which affects the metal characteristics, such as the brittleness, during the production of foundry metals. These devices are employed for environmental monitoring to protect the worker health to avoid exposure to dangerous substances.
Chemical sensors are currently being used to develop new applications that include the electronic nose, monitoring and controlling food spoilage, the measurement of the pollution generated by agricultural pesticides, and the regulation of human drinking water. In medicine, chemical sensors are employed to monitor patient health by measuring oxygen and trace gas contents in the lungs and in blood samples. These sensors are frequently utilized to determine blood alcohol levels or to characterize the digestion problems of individuals.
Piezoelectric gas sensors have been employed for in-situ detection [10] [11] [12] [13] [14] [15] [16] [17] and for real-time monitoring applications [18] [19] [20] [21] [22] [23] [24] [25] [26] [27] [28] [29] for atmospheric pollutants. The temperature and humidity are important factors for the accurate determination of pollutants under atmospheric conditions. Therefore, the effects of temperature and humidity on the sensing must be considered for the rapid and accurate determination of these pollutants.
The temperature and humidity are the main factors that influence piezoelectric gas sensors for real-time monitoring. Hence, the effects of temperature and humidity on the analytical response must be evaluated and corrected to achieve valid and accurate measurements.
In this paper, the influence of the temperature and humidity was evaluated to ensure the accurate detection of the benzene vapor in the atmosphere by a piezoelectric crystal sensor.
Experimental

Apparatus and reagents
An AT-cut quartz crystal with a 4 MHz resonant frequency and diameter of 12 mm with silver electrodes on both sides were connected to an oscillator. The oscillator frequency was measured by means of a laboratory constructed frequency counter. The measurements were stored on a computer. The chemometric data processing program was developed in MATLAB.
Polymethylphenylsiloxane (OV-1701), polyvinylchloride, and polyethylene glycol (PEG-1500) were analytical reagent grade chemicals that were obtained from Shanghai Chemicals (Shanghai, China). Tetrahydrofuran and benzene were analytical reagent grade and obtained from the Shida Chemical Plant (Changsha, China). All of the other chemicals were of analytical grade.
Procedures
Formation of the piezoelectric chemical sensor
The coating solution was prepared by the addition of 10 mg of polymethylphenylsiloxane and 50 mg of polyvinylchloride into 5 mL of tetrahydrofuran.
The quartz plate electrode, with a resonance frequency of 4 MHz, was covered with the above coating solution by use of a microinjector. This piezoelectric crystal gas sensor is hereafter referred to as the crystal senor.
Characterization of the piezoelectric crystal gas sensor
The crystal senor was installed in a thermostatic measuring vessel as shown in Figure 1 . The benzene vapor was generated by the injection of the specified amount of benzene into the measuring vessel. The concentration of the generated vapor was adjusted by the variation of the quantity of benzene introduced.
In the closed upper space of the saturated solution of inorganic salts, the water vapor has different relative humidity values. In this study, the humidity conditions for the sensor were varied by the use of inorganic salts including magnesium chloride, potassium carbonate, magnesium nitrate, sodium bromide, potassium iodide, sodium chloride, and potassium bromide. The relative humidity values of saturated solutions of these inorganic salts are 32.8, 43.2, 54.4, 57.6, 68.9, 75.3, and 80.9% at 25 C, respectively. The response characteristics of the crystal sensor to benzene were measured in at various temperature and humidity values.
Results and discussion
Influence of the temperature
The response time of the crystal sensor is the one of the important parameters for the rapid measurement of chemical compounds. At a fixed humidity value of 54.4% obtained using a saturated solution of magnesium nitrate, the response time of the crystal sensor to 1.2 ± 0.1 lg/mL benzene was measured as measured as a function of temperature. As shown in Figure 2 , the response time of the crystal sensor decreased with increasing temperature. However, at temperatures exceeding 30 C, the rate of change was decreased.
The recovery time of the crystal sensor is an important parameter for the real-time detection of the analyte vapor. The frequency was measured in the detecting cell for 1.2 ± 0.1 lg/mL benzene, and recovery time to the initial frequency due to air exchange was measured at various temperatures. Figure 3 shows that as the temperature increases, the recovery time was reduced, showing that more rapid desorption of benzene occurred on the sensor with an enhancement in the temperature.
The change in frequency (Df) as a function of the temperature for 1.2 ± 0.1 lg/mL benzene is shown in Figure 4 . The results show that as the temperature was increased, the change in frequency was reduced.
These measurements demonstrate that when the temperature of the sensing device increases, the response and recovery times were reduced, but the sensitivity of the crystal sensor was degraded.
In the next set of experiments, the variation of the frequency of the detector was measured by changing the benzene concentration (C B ) and measuring the temperature. The relationship between the frequency variation, temperature, and benzene concentration was determined to be where ᭝f is the change in frequency (Hz), C B is the concentration of benzene (lg/mL), T is the temperature ( C), and A, B, C, D, E, and F are regression constants.
The coefficients A, B, C, D, E, and F were determined using the least squares method. All of the values of the D, E, and F coefficients were less than 10 À7 . Therefore, the terms involving the D, E, and F coefficients in Eq. (1) were ignored, allowing the evaluation of the benzene concentration by 
where A is equal to 0.0125 HzÁmL/(lgÁK 2 ), B is equal to -1.561 HzÁmL/ (lgÁK), and C is equal to 87.98 HzÁmL/lg.
The relationship of the frequency with the benzene concentration and temperature obtained by using Eq. (2) and the determined coefficients is shown in Figure 5 .
Influence of the humidity
The change in frequency as a function of the benzene concentration was measured at various relative humidity values. The linear range was decreased and the upper limit of linearity reduced as the relative humidity was increased ( Figure 6 ). The changes in the linear range and upper limit of linearity as a function of the humidity were dependent upon whether the detected material is polar material or non-polar.
The change in frequency with the nonpolar benzene concentration was measured by the crystal sensor coated with OV-1701, while variations with the polar acetone concentration were monitored by the PEG-1500 coated crystal sensor. The results are summarized in Figure 7 . The range of the changes in frequency with variations in relative humidity is relatively small for the non-polar analyte but larger for the polar target molecule.
The response and recovery times were also measured as a function of relative humidity and the results are summarized in Figures 8 and 9 . High humidity values increased the response time and the recovery time of the (4) 80.9%. The relative humidity values were provided by saturated solutions of magnesium nitrate, potassium iodide, sodium chloride, and potassium bromide, respectively. These measurements were performed at 25 ± 0.5 C. Figure 7 . Changes in the linear range and the upper limit of linearity of the sensor as a function of the humidity that were dependent on the polarity of the analyte, with benzene as the nonpolar compound and acetone as the polar compound: (1) change in frequency with the benzene concentration at 54.4% relative humidity; (2) change in frequency with the benzene concentration at 68.9% relative humidity; (3) change in frequency with the acetone concentration at 54.4% relative humidity; and (4) change in frequency with the acetone concentration at 68.9% relative humidity where Dw is the difference in the linear range of the frequency and measurements were performed at 25 ± 0.5 C.
crystal sensor. This phenomenon is related to the slow desorption of the moisture adsorbed on the sample. Therefore, for the determination of the volatile organic vapor, the moisture should be reduced, or corrections for the moisture must be made in the analyses. (1) to (7) in the graph show the relative humidity values for saturated solutions of magnesium chloride, potassium carbonate, magnesium nitrate, sodium bromide, potassium iodide, sodium chloride, and potassium bromide equal to 32.8, 43.2, 54.4, 57.6, 68.9, 75.3, and 80.9%, respectively. The benzene concentration of 1.2 ± 0.1 lg/mL was measured at a temperature of 25 ± 0.5 C. Figure 9 . Change in the recovery time as a function of the humidity. Points (1) to (7) in the graph show the relative humidity values for saturated solutions of magnesium chloride, potassium carbonate, magnesium nitrate, sodium bromide, potassium iodide, sodium chloride, and potassium bromide equal to 32.8, 43.2, 54.4, 57.6, 68.9, 75.3, and 80.9%, respectively. The benzene concentration of 1.2 ± 0.1 lg/mL was measured at a temperature of 25 ± 0.5 C.
Lastly, the influence of the frequency as a function of the relative humidity was measured using a fixed benzene concentration equal to 1.2 ± 0.1 lg/ mL. The results are summarized in Figure 10 . An increase in the relative humidity decreased the sensor sensitivity because the adsorption of the analyte was smaller when moisture was adsorbed to the sensor active material.
The relationship to correct for the presence of humidity when determining the concentration of benzene using the crystal sensor was evaluated to be:
where h is the relative humidity (%) and the constants A and B have values of -0.2321 HzÁmL/(lgÁ%) and 75.124 HzÁmL/lg, respectively, that were determined by the same procedure used in Eq. (2).
Conclusion
The influence of the temperature and humidity have been reported for the measurement of atmospheric benzene concentrations using a piezoelectric crystal sensor on which polyphenylsiloxane was deposited. The results show that when the temperature increases, the response time and frequency recovery time were faster but the sensitivity was decreased. However, when the humidity increased, all of the performance characteristics, including the Figure 10 . Change in the frequency as a function of the humidity. Points (1) to (7) in the graph show the relative humidity values for saturated solutions of magnesium chloride, potassium carbonate, magnesium nitrate, sodium bromide, potassium iodide, sodium chloride, and potassium bromide equal to 32.8, 43.2, 54.4, 57.6, 68.9, 75.3, and 80.9%, respectively. The benzene concentration of 1.2 ± 0.1 lg/mL was measured at a temperature of 25 ± 0.5 C.
response time, frequency recovery time, and sensitivity, were degraded. The regression model obtained in this study allows the accurate measurement of the benzene concentration in the atmosphere by the piezoelectric crystal sensor under any temperature and humidity conditions.
